Introduction
In the alternative model, termed "substrate-controlled timing," all of the kinases (and phosphatases) are actiThe exquisite temporal sequence of events in mitosis vated nearly simultaneously and would remain stable was appreciated by histologists before the turn of the until the next transition point at metaphase/anaphase. 20 th century [1, 2] . More recently, the biochemical order The timing of events between G2/M and metaphase/ of events in cell division has been the subject of intense anaphase would have to be controlled by the individual study, and in the last 15 years there has been significant responses of the particular substrates, such as by the progress in our understanding. We now have a good kinetics of multiple phosphorylations or by slow conforappreciation of how entry into S phase and entry into mational changes. The postulate of two extreme models is heuristic, and we might expect that in reality both would contribute. The question we have raised in this (B) Substrate-controlled timing: the timing of events in mitosis is regulated solely by properties inherent in and interactions between the substrates and therefore is not dependent on a sequence of extrinsic regulatory steps. These two models are not mutually exclusive; therefore, a third possibility is that regulation of the mitotic clock is controlled by a combination of regulator-and substrate-controlled timing programs. I-Phase, interphase.
paper is whether we can find evidence for either of these gressed after Cdc2 activation or merely the time the mechanisms. marker proteins have been exposed to the mitotic exThe Xenopus egg extract has proven to be a useful tract. If the temporal sequence of events in mitosis is system for dissecting the biochemical steps underlying under simple regulator control, the timing of phosphorythe simplified embryonic cell cycle. Previous experilations should be strongly affected by the state of the ments have shown that egg extracts will recapitulate extract (i.e., length of time the extract has been incuboth the biochemical oscillations of Cdc2/cyclin B activbated after Cdc2 activation). If, however, the timing of ity and the morphological changes in the nucleus in the these events is under substrate control, then the phosabsence of the usual cell cycle targets, the nucleus, phorylation of each substrate would occur at its own spindle, and centrosome [8, 9] . In addition, the requirerate, regardless of whether the extract had just activated ment for cyclin synthesis and the role of various phosCdc2 or whether the extract had been incubated for phorylation and dephosphorylation reactions in the egg a longer time after Cdc2 activation. Finally, instead of extract have been studied extensively [8, [10] [11] [12] . Some adding individual proteins we added whole nuclei and phosphorylations specific to mitosis can be directly reexamined the morphological steps leading to metalated to morphological changes, such as phosphorylaphase. In this case, we asked whether the timing of tion of the lamins [13] [14] [15] in an aqueous buffer or in an interphase egg extract. In the experiment involving preincubation in buffer, most of the protein sedimented at 9S, a little faster than might ( Figure 2 ) (see Table 1 changed into endogenous APC, we found that all of determined the time of mitotic entry by two independent methods. First, the activation of Cdc2 kinase was folthe phosphorylated protein ran at 20S; the monomeric fraction showed no gel shift at all (data not shown).
lowed in an HI kinase assay [40] . Second, we added an IVT N terminus fragment of Cdc25, which gives the Because only Cdc27 incorporated into the APC is phosphorylated, we improved our assay by adding the IVT dramatic shift due to phosphorylation but lacks a phosphatase domain and therefore does not affect cell cycle Cdc27 to an interphase extract for 40 min before using it in all subsequent experiments to allow the protein progression. For clarity in exposition, two time lines are shown in Figure Figure 3A, 10 min…40 min) . In every experiment, we Figure 3A , the delay in the initiation and the rate of Cdc27 phosphorylation remained the show this pattern of delayed phosphorylation in mitotic extracts relative to Cdc25 (see Table 1 ). This result sugsame relative to the Cdc25 shift To analyze the gel shifts more carefully, we divided lation reactions in mitosis somewhat arbitrarily chosen for ease of measurement. We wanted to know whether the MP44 region of the gel into three domains indicated in Figure 3B . As shown in the graph in Figure 3C In all three extracts (0, 20, and 40 sperm [40] , to extracts that had been driven into mitosis for various times and assayed the tempo of structural changes of these nuclei as the extracts proceeded into and through mitosis. When interphase nuclei are added to an extract in which the Cdc2 has been activated by cyclin B, they undergo the same morphological changes as those that occur in mitosis in vivo: chromosome separation, nuclear envelope breakdown, and congression of chromosomes onto the metaphase plate [40] . The extract also faithfully recapitulates events in the cytoplasm of a cell: formation of asters and, subsequently, bipolar spindles; however, they fail to undergo cytokinesis.
To analyze the timing of these structural changes in heterochronic extracts, we performed experiments analogous to those used to study the timing of mitotic phosphorylations. We added interphase nuclei either to interphase or mitotic extracts at 10 min or 30 min after GST-cyclin B addition. Rhodamine-labeled tubulin also was added to follow the formation of asters and bipolar spindles. The extracts were prevented from entering anaphase by the addition of purified MAD2 [41-44] so that morphological changes would not proceed beyond the formation of bipolar spindles and congression of chromosomes to a metaphase plate. Figure 5A shows that the Cdc25 shift in this experiment is complete by 8 min following GST-cyclin B addition; therefore, this time point has been taken as the start of mitosis (time in mitosis ϭ 0 min). We determined the percentage of nuclei showing nuclear envelope breakdown ( Figure 5B ). The precision of timing in different extracts is within 5 min. As indicated in Figure 5B , 50% of the nuclei show nuclear envelope breakdown gesting that the control of the timing of these cellular changes is also independent of the state of regulators in the cytoplasmic extract. and each has a direct effect on its substrate. In contrast, in the substrate-controlled timing model, a single trigger or regulator rapidly initiates a new regulatory state (i.e., Discussion mitosis) in which each subsequent reaction is regulated by the peculiar chemistry of the substrates themselves. The regulation of the major transitions in the cell cycle, G1/S, G2/M, and metaphase/anaphase, is fairly well unWe have used both biochemical (protein phosphorylation) and morphological (changes in nuclear and cytoderstood. However, the regulation of the sequence and timing of events within each stage of the cell cycle has plasmic structure) studies to try to distinguish between these two models for the early events in mitosis leading received much less attention. We propose for discussion two extreme models to describe the possible mechato metaphase. We have used the Xenopus cell extract system cognizant that it may not possess all the regulanisms for temporal and sequential regulation of events during mitosis (see Figure 1) . In the regulator-controlled tory features of somatic cells. In fact, no system is likely to possess all the regulatory features found in nature. timing model, successive regulators, such as kinase cascades, are activated (or inactivated) in sequence,
The timing and rate of phosphorylation differ for differ- the mitotic extract. These intrinsic mechanisms could During mitosis, the cell undergoes dramatic changes both in nuclear and cytoplasmic morphology, and the sequence and timing of these events also must be tightly ent proteins during mitosis. Cdc25 and Wee1 are known regulated. Chromosome condensation, nuclear enveto be phosphorylated at the G2/M transition [12, 34, 35,] lope breakdown, spindle formation, and progression of and represent the earliest shifts we found. Although in chromosomes onto the metaphase plate must occur our screens for mitotic phosphoproteins we found a few before the onset of anaphase and sister chromatid sepaproteins that shifted at nearly the same time as Cdc25 ration. In experiments similar to those described for and Wee1 (see Table 1 ), we did not find any proteins measuring the rates of phosphorylation of various prothat shifted earlier during the lag phase. In addition, teins in mitosis, we compared the timing of these morthe shifts for Cdc25 and Wee1 are coincident with the phological events by adding interphase nuclei to exactivation of histone H1 kinase activity and may be the tracts at different times either before or after Cdc2/cyclin crucial signal for entry into mitosis.
B activation. The most obvious conclusion is that nuclei Exit from mitosis and progression into anaphase readded to extracts that had been in the mitotic state for quires activation of the APC, a multisubunit complex 30 min still underwent the typical sequence of nuclear that targets specific proteins for degradation via the and cytoplasmic events. Furthermore, there was no sigubiquitin pathway. We have looked in detail at the timing nificant acceleration in timing when nuclei were introof phosphorylation of one of the subunits of the APC, duced directly into late mitotic extracts. If these events Cdc27, and found that it is specifically phosphorylated are regulated solely by the activation and inactivation in steps over a prolonged period of time beginning a few of factors in the cytoplasm, then we might expect that minutes after the Cdc25 shift is complete and extending the timing and even the sequence of the structural later into mitosis. Several previous studies have shown changes during mitosis would be affected by adding that phosphorylation of the APC in mitosis is required interphase nuclei to an extract 10 or 30 min after cyclin for high levels of activation [28, 44, 45]. Furthermore, B addition. The fact that the timing and sequence of Cdc20 binding to APC depends on the phosphorylation these events are unaffected under these conditions sugof at least some of its subunits [27, 46, 47]. It seems gests that, as with Cdc27 and MP44, substrate-conclear that the temporal regulation of APC activation must trolled timing plays an important role in the ordering of be tightly controlled to prevent the cell from exiting mitoevents in prophase, prometaphase, and metaphase. sis prematurely. In somatic cell cycles, the timing of These experiments give a broad indication that the anaphase is regulated by feedback from the spindle control of the detailed timing of events in early mitosis assembly checkpoint [4] . In yeast, this checkpoint is not depends on the individual responses of the substrates essential for viability under laboratory conditions, and to a common set of regulators. Although there were the intrinsic timing mechanism such as the one we deslight indications that changes might be occurring in scribe for Cdc27, may be sufficient. In mammalian cells, these extracts, reflected in small differences in phoshowever, MAD2 knockouts are not viable, indicating that phorylation patterns, we found little or no evidence for MAD2 plays a more essential role in these cells [48] . a succession of regulatory states. Yet, we are not preAs expected, such an important event as the onset of pared to rule out regulatory control. These experiments anaphase is under multiple layers of regulation built on were done in a system where the nuclear volume is top of the intrinsic timing mechanisms described here. 
process.

Experimental Procedures Sperm Nucleus Preparation
The preparation of sperm nuclei was carried out using a modification HCl, 0.15 mM spermine·4 HCl). The testes were placed in 5 ml Xenopus GST-cyclin B1 was expressed in E. coli and purified by of ice-cold XN and macerated with clean forceps until no clumps glutathione affinity chromatography as previously described [53] . A remained. The suspension was filtered through eight layers of Cdc25 mutant was generated containing the N-terminal regulatory cheesecloth, and the cheesecloth was then rinsed with an additional domain but lacking the C-terminal phosphatase. This protein is 5 ml of cold XN. The sperm were centrifuged for 5 min at 4.5K using phosphorylated and shows strong gel shifts but is not active in the a Sorvall HB-6 rotor. The resulting pellet was washed three times extract [56] . This construct was shuttled into pCS2ϩ by Xba1/Not1 with fresh cold XN buffer and resuspended in 500 l XN. The sperm restriction digestion and ligation for expression in IVT reactions.
were demembranated by addition of 100 l 2 mg/ml lysolecithin. The progress of demembranation was followed at 1 min intervals by staining 1 l of the sperm mix with 4 l of 1 g/ml Hoechst 33342 Preparation and Analysis of Mitotic Phosphoproteins and observing the sperm under a microscope until all the sperm The small pool screen of cDNA libraries was performed as described heads stained (about 10 min). The reaction was quenched by addi-[32]. IVT proteins were prepared by using the TNT Coupled Reticulotion of 9.5 ml XN containing 3% BSA (Sigma, fraction V). The sperm cyte Lysate System from Promega and 35 S methonine from New were centrifuged and washed three times with cold XN. Following England Nuclear, as previously described [32] . Interphase Xenopus the final rinse, the sperm were resuspended in XN plus 50% glycerol egg extracts were prepared as described previously [40] . Mitotic and small aliquots were stored at Ϫ80ЊC. extracts were prepared from interphase extracts by addition of 66
Interphase nuclei were prepared from Xenopus sperm; interphase nM nondegradable Xenopus GST-cyclin B. Progression of the exand mitotic nuclei were fixed and stained as previously described [40] . tract from interphase into mitosis was followed either by analysis of Cdc25 phosphorylation using gel shift as a marker or by measuring the activity of H1 kinase in the extract as previously described [40] . Acknowledgments The timing of phosphorylation was followed by gel motility retardation of IVT, 35 S-labeled proteins. Cdc25, Wee1, and MP44 IVT We thank S. Rankin, N. Ayad, and members of the Kirschner lab for proteins were diluted 1:9 in either interphase or mitotic extracts and many helpful suggestions and discussions; and Guowei Fang for incubated at 25ЊC. Cdc27 IVT was added to interphase extracts at providing the MAD2 construct. We would also like to thank J. 
